Introduction
The masticatory system is involved in functional activities such as chewing, drinking, swallowing, speaking, and breathing, but also in many other activities usually not required for common function. These oral activities are usually considered as non-functional and can be associated with sustained static and/or rhythmic contractions of the masticatory Chen et al 2007) . Non-functional activities when awake can be either sustained, such as tooth clenching, abnormal mandible posture, lip or cheek biting, and leaning of the jaw on the hand, arm, telephone, bed, pillow etc., or rhythmical, such as tooth grinding and repetitive biting of nails, cuticles, pens, etc.; jaw play (i.e. unintentional repetitive small mandibular movements without tooth contact), tooth tapping, and rhythmic contractions of the jaw elevators without apparent mandibular movements (Widmalm et al 1995 , Vanderas 1996 , Winocur et al 2001a , Velly et al 2003 , Sato et al 2006 , van der Meulen et al 2006 . Also during sleep, non-functional sustained and/or rhythmic contractions of masticatory muscles can occur in normal subjects and more frequently in so-called bruxers (Lavigne et al 2003) . These behaviors have the potential of overloading the masticatory muscles, and therefore they have been often considered as causal factors for the development of myoarthropathies of the masticatory system (MAPs) and orofacial pain (Ramfjord 1961 , Widmalm et al 1995 , Glaros et al 1998 , Farella et al 2001 , Winocur et al 2001a , Winocur et al 2001b , Huang et al 2002 , Velly et al 2003 , Glaros and Burton 2004 , Chen et al 2007 .
Despite abundant electromyographic (EMG) studies on the activity pattern of masticatory muscles during chewing (Moller 1966 , Moller 1974 , Moller et al 1984 , Wood 1987 , van der Bilt et al 1995 , Woda et al 2006 , van der Bilt et al 2006 , there is a paucity of studies on masticatory muscle activity during other functional and non-functional oral tasks (Moss et al 1987 , Gallo and Palla 1995 , Markiewicz et al 2006 , Kato et al 2006 . Indeed, with the only exception of oral activities occurring during sleep, which can be reliably investigated by means of polysomnography (Lavigne et al 1996 , Lavigne et al 2001 , wake time nonfunctional activities are hardly detectable in the natural environment, as they often occur without subject awareness (Markiewicz et al 2006 , Kato et al 2006 . Collection of oral tasks under standardized laboratory conditions might also be difficult for several reasons:
(a) lack of knowledge of the meaning of specific terms referring to oral tasks (e.g. tooth clenching, grinding, tapping) particularly by persons not familiar with dental and/or anatomical terms; (b) subjective interpretation of task explanation and consequent variability of speed, amplitude and timing of jaw movements, particularly for rhythmic oral tasks; (c) delays in the onset, maintenance and cessation of scheduled tasks; (d) unverifiable performance of requested task during the experiment; and (e) arbitrary selection of EMG segments of interest for analysis. To overcome some of these problems, we developed a software for a computer-guided assessment of masticatory muscle activity during a multitask experiment. Aim of this study was to investigate the pattern of activity of the masticatory muscles during the performance of functional and non-functional deliberate oral tasks.
Material and methods

Subjects
Eleven healthy subjects (5 men, 6 women; age = 34.6 ± 10.8 years) were recruited among the staff of the University of Zurich by means of local advertisements. The volunteers were carefully informed about the experimental procedures and signed an informed consent form. Subjects were recruited according to the following inclusion criteria: a) adult age (> 18 yrs); b) pain-free active mouth opening larger than 40 mm (including overbite), protrusion and laterotrusion larger than 7 mm; c) difference between active and passive opening ≤ 2 mm; d) willingness to participate in the experiments. The following conditions were considered as exclusion criteria: a) orofacial pain and/or myoarthropathies of the masticatory system, with the only exception of asymptomatic disk displacement with reduction; b) chronic (>3 month) pain conditions in neck or shoulder; c) periodontal diseases; d) removable dental prostheses; e) neurological or movement disorders; and f) habitual intake of drugs influencing central nervous system. Subjects were asked to report their preferred chewing side and later this was defined as the ipsilateral side of the experiment. Lacking a preferred side, the right side was chosen.
Oral tasks
In order to assess masticatory muscle activity during multiple deliberate oral tasks, we developed a stand-alone software (OTC: Oral Task Collector) written in Delphi™ (Borland ® , Austin, TX, United, States) and working under Windows ® operating systems.
Since the software runs on most personal computers, it can also be used to train subjects outside the laboratory. The OTC displays instructions about oral task performance by means of explanatory text, still and animated images, audio and video files. Timing is given by countdown and progress bars, which facilitate the subject to be sharp with onset, maintenance, and cessation of each task. Couples of dual-tone multi-frequency sounds (DTMF) lasting 300 ms each are generated by the OTC at the beginning and the end of each oral task, acting as task definer and time markers for off-line analyses. Unilateral oral tasks (i.e. chewing, grinding, head yaw, cupping of the jaw on the hand, and holding the mandible in laterotrusion) were performed both on the right and on the left side. The unilateral gum chewing task was performed using one piece of a commercial available gum (Spearmint, Migros, Zurich, Switzerland). The hard chewing task was performed using one piece (1 x 1 x 1 cm) of dried meat (Bündnerfleisch, Migros, Zurich, Switzerland). The biting tasks were performed on a hollow rubber tube (diameter = 6.3 mm; thickness =1.5 mm).
EMG equipment
Muscle activity was recorded unilaterally from masseter, anterior temporalis, and suprahyoid muscles by means of self-adhesive pre-gelled disposable Ag-AgCl rectangular surface electrodes (20 x 15 mm, type 9013S0212, Alpine Biomed ApS, Skovlunde, Denmark). EMG signals were band-pass filtered (20-1000 Hz; -3dB) and amplified (5000×)
by means of DISA 15C 01 (Disa Elektronik, Skovlunde, Denmark) with an input impedance of 250 MΩ, noise level of 0.7 µV, and a common mode rejection ratio of 100 dB. The amplifier output was connected to a notebook computer (Asus A6J, Intel Centrino Duo T2300, RAM 1024 MB) by means of a 4-channel USB analog data acquisition system (NI cDAQ-9172 and NI 9233, National Instruments Co, Austin, TX, USA).
Procedure
The entire experiment consisted of two sessions separated by three to seven days. During the first session, a clinician (MF) collected a brief questionnaire and examined the subjects to assess their eligibility. Eleven out of twelve eligible subjects were willing to participate.
The study protocol was fully respectful of the requirements of Local Ethical Committee and of the principles of the Helsinki Declaration.
Participants were extensively trained to perform the oral tasks. Care was taken to train the subjects for the assessment of maximum voluntary contraction. In addition to written explanations and images showing people during full clenching efforts, subjects were loudly encouraged to clench the teeth as strongly as possible. The subjects were then asked to train at home by running the OTC on their own computer at least three times. During the second session, the skin overlying the masseter, the anterior temporalis, the suprahyoid muscles, and the mastoid process of the ipsilateral side was rubbed vigorously by means of abrasive paste (Lubex peeling, Permamed AG, Therwil, Switzerland). Male subjects had been requested to shave accurately. Couples of surface EMG electrodes were placed 20 mm apart along the main fibers direction of the masseter and on the anterior temporalis as in a previous study (Michelotti et al 1999) . Suprahyoid muscle activity was recorded by placing one electrode 2 cm behind the cutaneous menton and 1 cm laterally to the midsagittal plane, and the other electrode 2 cm dorsally and 1 cm laterally to the first electrode. The reference electrode was attached to the skin overlying the mastoid process.
Two round yellow markers (area = 0.5 cm 2 ) were attached to the skin overlying glabella and pogonion in order to allow easier visual off-line detection of mandibular movements.
The subjects sat in an upright position in front of the computer screen equipped with the camera, and the EMG electrodes were connected to the amplifier. During the following 20 minutes, subjects received audiovisual and written instructions by the OTC. Task sequences were randomized in order to avoid the occurrence of learning bias throughout the recordings. Sustained static and rhythmic oral tasks were set to last 5 and 15 sec, respectively.
Rhythmic tasks performance was visually cued using animations showing 15 cycles of a single task (i.e. 1 Hz). All requested tasks were separated by rest intervals ranging from 3 to 30 seconds, the length of each break depending on the amount of effort produced during each previous task.
Data analysis and statistics
The audio used to estimate the muscle work (Gallo et al 1999) . For each EMG segment, peak EMG amplitude (EMG peak : µV) was determined over the whole segment, whereas mean amplitude (EMG mean ; µV) and EMG integral (EMG integral ; µV⋅s) were calculated over a central 3 sec portion ( Figure 1 ). In this way, the estimates of EMG amplitude parameters were always obtained using the same time window for both static and rhythmic activities.
This window, for the rhythmic oral tasks, included approximately three activity bursts.
Using this approach, the activity ramps indicating task onset and cessation were always discarded from analysis. EMG mean was then normalized to the EMG peak value found throughout the whole task paradigm in each individual (EMG %max ). EMG mean was also normalized to the EMG peak value found during the maximum clenching task (EMG %mvc 
Results
All subjects became quickly acquainted with the performance of the whole oral task sequence during home training. The correct performance of the paradigm could be checked by watching the video clips synchronized with EMG signals. The EMG recording session had to be repeated in one subject because the tooth grinding tasks had been shown to be incorrectly performed. The use of acoustic markers allowed automated extraction of all oral tasks performed. Examples of the extraction of EMG activities of the masseter muscle during various oral tasks are given in Figure 1 .
Maximum amplitudes
Highest EMG peak values of the masseter muscles were found during ipsilateral hard chewing in six subjects, during ipsilateral gum chewing in three subjects, and during maximum clenching in the remaining two. Highest EMG peak values of the anterior temporalis muscles were found during ipsilateral hard chewing in six subjects and during maximum clenching in the remaining five. Mean differences (%) of EMG peak between the "ipsilateral hard chewing" and the "maximum clenching" task were -16.7% for masseter muscle and 3.0% for anterior temporalis muscle, the former being statistically significant (p<0.05). Highest EMG peak values of the suprahyoids were found during yawning in five subjects, during ipsilateral hard chewing in four subjects and during ipsilateral gum chewing in the remaining two. In all subjects, the highest EMG integral values for the jaw elevators and the suprahyoids were consistently found during maximum clenching and yawning tasks, respectively.
Average amplitudes
Average EMG mean values are illustrated in Figure 2 , whereas descriptive statistics for EMG integral values is given in Appendix 2 as supplementary material. EMG mean and EMG integral obtained from each muscle in each subject were moderately to strongly correlated, with correlation coefficients r ranging from 0.94 to 1.00 (p<0.001) for the masseter muscle, from 0.93 to 1.00 (p<0.001) for the anterior temporalis, and from 0.54 to 0.77 (p ≤ 0.003) for the suprahyoid muscles.
Masseter and anterior temporalis muscles were minimally active (average EMG %max values < 3%) when the mandible was in rest position, while breathing deeply, coughing, reading aloud, with the head flexed and yawed. Differences between these activities were not statistically significant (p>0.05).
Moderate activity levels (3% ≤ EMG %max ≤ 8%) of the jaw elevators were found when the teeth were in intercuspal position, during light clenching, drinking, head extension, grinding on the contralateral canines, jaw laterotrusions, jaw play, jaw cupping, lip biting, swallowing, and yawning.
For all other tasks, average EMG %max of jaw elevator muscles was always greater than 8%. Masseter and anterior temporalis muscles were highly active (> 16%) during chewing, and rhythmical clenching. Suprahyoid muscles were always moderately active as average EMG %max values were above 8% during the whole task paradigm, except during head yaw, mandibular rest position, and while keeping teeth in intercuspal position. Average EMG %max of suprahyoid muscles showed less variability than that of masseter and anterior temporalis (Levene's test; p<0.001).
EMG relative amplitude obtained from the masseter and anterior temporalis muscles and normalized to the EMG peak found during maximum clenching (i.e. EMG %mvc ) was significantly higher (p<0.01) than EMG amplitude normalized to the EMG peak found during the whole task paradigm (i.e. EMG %max ). The comparison between the estimated activity values obtained using the two different normalization procedures is given in the Appendix 3 as supplementary material.
Activity patterns
The relative activity of each elevator muscle changed across the tasks examined (interaction "muscle" × "oral task": F ≥ 5.2; p ≤ 0.001). Mean relative activity differences (%) between the jaw elevators muscles are illustrated in Figure 3 . EMG %max value of the masseter was higher than that of the anterior temporalis during oral tasks involving incisal biting (static and dynamic object biting) as well as jaw protrusion, contralateral laterotrusion, and jaw cupping, the difference being statistically significant (p ≤ 0.05). The
EMG %max values of the anterior temporalis were higher than those of the masseter (p ≤ 0.01) during tasks performed in intercuspal position (i.e. maximum clenching, rhythmic clenching, molar tapping, teeth in intercuspal position), during ipsilateral canine grinding (p < 0.001), and during ipsilateral hard chewing (p < 0.001).
Based upon the relative contribution of masseter, anterior temporalis, and suprahyoid muscles, the investigated tasks could be grouped into six different clusters (Figure 4 ). The first cluster included only maximum voluntary clenching: this task was accompanied by very high activity of the jaw elevators associated with moderate activity of the suprahyoids.
The second cluster included only yawning: this was accompanied by the highest activation of the suprahyoid muscles associated with relatively low activity of the jaw elevators. Hard and gum chewing were grouped in a third cluster, in which in all muscles investigated had high activity. The fourth cluster included ipsilateral canine grinding, molar tapping, rhythmic clenching, and static incisal biting; these tasks were accompanied by a moderate activation of both jaw elevators and suprahyoids. The fifth cluster included jaw laterotruded and protruded positions, jaw play, coughing, reading, drinking, tooth grinding on the contralateral side, rhythmic incisal biting, and head flexion. These activities were either functional or non functional, and were characterized by very low activity of the jaw elevator muscles and by moderate activity of the suprahyoid muscles. The last cluster included the remaining functional and non functional tasks performed with low activity levels of all muscles.
Discussion
Maximum amplitudes
The findings of our multitask experiment indicate that in about half of the subjects, highest peak EMG values were obtained during a hard chewing task, with differences being much more pronounced for the masseter than for the anterior temporalis. This is in contrast with the commonly accepted assumption that chewing forces are generally much lower than A number of factors can help to explain higher peak EMG values during strong rhythmic contractions than during maximum clenching. Firstly, it has been shown that the recruitment strategy of motor units is influenced by the speed of the force ramp used for the contraction (Desmedt and Godaux 1977) . During brisk contractions of the masseter muscle, for instance, the activation threshold of each masticatory motor unit is lower than the one necessary for the same motor unit to be activated during a slowly rising force ramp (Desmedt and Godaux 1978) . Furthermore, during brisk contraction, motor unit discharge frequencies are much higher than in the same motor units at slow force ramps. Hence, the brisk contractions, such as those of the chewing tasks investigated in the present study, have a characteristic patterning of motor command (Desmedt and Godaux 1979), which in turn can result in a mechanical and electrical summation and superposition of the motor units, and finally, in higher EMG peak amplitude levels. This effect might be strengthened by common synaptic drive originating from the central pattern generator (CPG) during chewing strokes, resulting in a more marked and topographically extensive synchronization between masticatory motor units than during maximum clenching.
Evidence of synchronization between motor units has been previously found during Thirdly, during chewing activity, it can be expected that in anticipation of food resistance, preprogrammed additional masticatory activity (AMA) is generated (Ottenhoff et al 1992) .
AMA is modulated by peripheral feedback as well as from the movement speed (Ottenhoff et al 1992 , van der Bilt et al 1995 , Schindler et al 1998 , van der Bilt et al 2006 . The dried meat used for the chewing task of the present experiment was very tough, and subjects were extensively trained to chew at a given constant rhythm (i.e. 1 Hertz). It is likely that under these circumstances AMA was highly pronounced, thus exceeding that required for a maximum voluntary clenching effort.
Finally, low peak EMG activity during maximum clenching effort may also result from the fear of tooth breaking and/or pain, acting as negative feedback for the performance of maximum voluntary effort (van Steenberghe and de Vries 1978) . In this respect, it is interesting to observe that the recorded values of maximum bite force levels assessed over repeated trials tend to increase gradually, as the individual becomes more confident across consecutive efforts (Bakke 1993) . To overcome this problem, we selected all subjects with sound dentition, free from any orofacial pain condition.
In EMG studies of the masticatory muscles, peak values recorded during maximum voluntary clenching are commonly used as a reference for signal normalization (Hosman and Naeije 1979, Hagberg and Hagberg 1988) . The findings of this study, however, indicate that the normalization procedure used for the assessment of EMG amplitudes has a significant impact on the subsequent estimates of muscle activation levels, particularly for the masseter muscle. Future studies are needed to further investigate this issue, and to determine the most appropriate reference task to be used for investigation of rhythmic and sustained activities of the masticatory muscles.
Average amplitudes
As expected, average EMG amplitudes values varied considerably across the different tasks examined. Since EMG rms and EMG integral were strongly correlated, subsequent analysis were mostly focused on EMG rms or EMG %max values. To the best of our knowledge, very few studies investigated activity of the masticatory muscles during numerous functional and non functional oral tasks (Markiewicz et al 2006 , Kato et al 2006 . For these reasons, our findings can be only partially compared to the literature.
Whereas mean activity levels of all muscles investigated were generally highest during chewing and several non-functional deliberate tasks (i.e. static and dynamic incisal biting, rhythmic clenching, molar tapping), the jaw elevator muscles were only slightly active during most other functional tasks such as rest position, deep breathing, reading aloud, coughing, drinking, and with the only exception of the head extended position, also in the other head positions. During deep breathing, reading aloud, coughing, and drinking, the suprahyoid muscles were more active than jaw elevator muscles, suggesting that they are principally responsible for the small mandibular movements occurring during these activities.
Activity patterns
Although in the majority of oral tasks the masseter and anterior temporalis were equally activated, the relative contribution of these muscles differed markedly across tasks ( Figure   3 ). More specifically, the masseter was more active than the anterior temporalis during tasks involving incisal biting (static and dynamic object biting), and while keeping the jaw protruded or laterotruded to the contralateral side. Conversely, the anterior temporalis was more active than the masseter during clenching at different force levels (maximum clenching, rhythmic clenching, and intercuspal position), during rhythmic functional and non functional activities accompanied by lateral mandibular shift, such as chewing and tooth grinding. Activity levels of masseter and anterior temporalis, however, were rather balanced during hard chewing on the contralateral side (Moller 1966).
The cluster analysis suggests that only a limited number of distinct oral tasks (i.e.
clenching, chewing, and yawning) are associated with specific levels of masticatory muscle activity. In all other cases, the EMG patterns of various functional and non functional oral tasks were overlapping to some extent. It could be noticed that the suprahyoid muscles add valuable information for task clustering, which can be used with more advanced classification analysis.
Due to the large amount of data, the analyses of the present study have been limited to EMG activity peaks and amplitudes averaged across each task. This approach has obvious limitations, since these parameters can be influenced by many factors including electrode positioning, interelectrode distance, and the filtering effect of skin overlying muscles (de Luca 1997). Furthermore, EMG activity during rhythmic contractions have a characteristic motor pattern (Desmedt and Godaux 1978) and can be also influenced by other factors such as ranges of joint angle and/or muscle length, rate of rise of force, velocity of shortening or lengthening. For these reasons, quantitative evaluation of rhythmic masticatory muscle activity recorded during different jaw tasks needs to be interpreted with caution, particularly in relation to sustained static activity. Additional information can be obtained from the analysis of EMG timing and phases. In this respect, it was previously shown that by the combined use of mean amplitude and dynamics of EMG masseter and anterior temporalis signals, it was possible to achieve good discrimination among several functional and non functional activities (Gallo and Palla 1995, Gallo et al 1998) .
The unbalanced activation of jaw elevator muscles for certain oral tasks is in agreement with previous reports (Hellsing and Lindstrom 1983 , Blanksma and van Eijden 1995 , Blanksma et al 1997 , van der Bilt et al 2006 and might have relevant clinical implications, as it might explain the particular location of muscle tenderness sites in patients reporting specific parafunctional habits.
A limitation of the present study was the small sample size investigated that for instance does not allow gender comparisons. In spite of this limitation, however, our exploratory analysis led to interesting results that might be useful in future hypothesis testing.
For the present investigation, we developed a software package for the computer-guided assessment of masticatory muscle activity during multitask experiment. Using sound markers it was possible to automatically extract the EMG signals related to each specific task and to obtain synchronized EMG/video clips. Although the proposed approach was specially developed to investigate functional and non-functional oral tasks, we believe that it can be extended also to other EMG investigations (or other biomedical signals) during multitask experiments in general, involving other muscles or muscle groups.
Finally, we would like to stress that functional and non-functional oral tasks investigated in the present study have been performed under strongly computer controlled and standardized conditions. Although this approach has strong inherent advantages, deliberate oral tasks as performed in these experiments may somehow differ from spontaneous activities occurring in the natural environment. In this respect, the use of 18 portable EMG recorders will provide us with further insight into masticatory muscle behavior. Task number
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